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The  mechanisms by which pyrogenic tolerance develops in man and rabbit 
after a  series of intravenous injections of bacterial endotoxin spaced at 24-hour 
intervals have been studied intensively (1). In contrast, the rapid development 
of unresponsiveness  to  the  pyrogenic activity of bacterial endotoxlns during 
continuous intravenous infusions (2) has been virtually neglected. It is the pur- 
pose of this report to characterize this latter form of pyrogenic unresponsiveness 
and to compare the underlying mechanisms with those which may operate when 
the endotoxin is administered in the more usual manner as a  single intravenous 
bolus at daily intervals. 
Materials and Methods 
The present studies were initiated as part of an overall program to define the role of endo- 
toxin in the pathogenesis of gram-negative bacterial infections in man. Volunteers  for these 
studies were healthy male inmates of the Maryland House of Correction,  Jessup,  Maryland. 
Their ages ranged from 20 to 40. Complete  medical evaluation was performed to verify the 
fitness of each participant. In addition to man, healthy male New  Zealand albino rabbits 
obtained from a uniform source and weighing approximately  2 kg were employed. 
Syringes  and  needles  were  either of the  sterile,  pyrogen-free  disposable type  (Burton 
Medical Products, Bethlehem,  Pennsylvania), or were heated overnight in a dry-air oven to 
1800C to eliminate extraneous pyrogen. Three endotoxin preparations were employed: Sal- 
mondla typhosa (0-282) I, Escherickia coli endotoxin (0127:B8) 2, and Pseudomon~ endotoxin 8. 
* This study was supported by the Commission on Epidemiological Survey of the Armed 
Forces Epidemiological Board and United States Public Health Service research grant HE- 
07280-03. 
Recipient of Career Development Award from the National Institutes of Health under 
contract HE-K3-15,  237-C4. 
§ Senior medical student, The Johns Hopkins School of Medicine,  Baltimore, Maryland. 
1 A highly purified material (3) kindly supplied by Dr. Maurice Landy, National Institutes 
of Health, Bethesda. 
2 A Boivin type preparation (4) supplied by Difco Laboratories, Detroit. 
a Kindly supplied as Piromen by Dr. T. A. Garrett, Baxter Laboratories, Morton Grove, 
Illinois. 
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All  endotoxin preparations were  diluted  in  pyrogen-free  saline and  were  bacteriologically 
sterile; the E. coli endotoxin in saline was heated at 100°C for 10 minutes prior to testing for 
sterility. The same endotoxin suspensions were employed throughout the study. 
For  production of  reticuloendothelial system blockade,  3  ml/kg of  thorotrast,  a  sterile 
colloidal suspension of 24 to 26 per cent thorium dioxide in dextrin (Testagar & Co., Detroit), 
was administered intravenously. 
Pyrogen Assay in Man.--All assays were begun between 9 and 10 a.m. with the subjects 
confined to bed in an air-conditioned room.  Flexible thermocouples were inserted 6  inches 
into the rectum and temperatures recorded immediately before and every ~  hour during the 
continuous intravenous infusion of endotoxin by means of a telethermometer (Yellow Springs 
Instrument Company, Yellow Springs, Ohio). The endotoxin preparations were contained in 
a  50 ml syringe driven by a constant infusion pump (Harvard Apparatus Co., Dover, Mass.) 
which  ensured  accurate  and  reproducible  flow  rates.  Pyrogen-free,  sterile tubing  (Baxter 
Laboratories, Inc.)was used to conduct the endotoxin from the syringe to an indwelling intra- 
venous needle. The fever index was calculated from the area under the curve obtained by 
plotting the increment in temperature as a function of time on standard graph paper; a fever 
index of 100 reflected a  I°F rise in rectal temperature sustained for 1 hour. The  subjective 
reactions to the endotoxins (headache, chills, myalgia, anorexia) were graded as follows: 1+, 
mild; 2-4-, moderate; 3+, severe; 4-4-, extremely severe. 
Pyrog~ Assay in Rabbits.--Polyethylene  tubing (PE 90, Clay Adams, Inc., New York), 
previously rinsed with pyrogen-free, sterile saline and dipped in 70 per cent isopropyl alcohol, 
was inserted into the marginal ear vein of healthy male albino rabbits and taped securely. 
Indwelling flexible thermocouples were placed 6 inches into the rectum. Employing the same 
method described for man, endotoxin was infused into these animals, loosely restrained by 
chain collars in fiberglass stalls, after acclimatization for 18 to 24 hours in an air-conditioned 
room.  Temperatures were  monitored for  at  least 1  hour before each  experiment; animals 
exhibiting temperatures above 104°F or varying more than 0.2°F in any 30  minute control 
period were discarded. Groups of 4 to 6 rabbits were used for each study and total volumes of 
endotoxin preparations infused were less than 7 ml/kg. A  mean fever curve for each group 
was constructed by averaging the increment in temperature at each 30 minute period; the 
resulting mean fever index was determined in the manner described for man. 
Antibody Determinations.--Antibody  titers to E. coli endotoxin were assayed by the ben- 
tonite flocculation technique (5). While most normal human and rabbit sera possessed titers 
less than 1:2, consistent elevations developed in 4 healthy volunteers and in 14 normal rab- 
bits within 4 to 6 days following a  single intravenous injection of 0.01 to 0.05/zg/kg of  the 
E.  coli endotoxin.  The  quantities of  E.  coli endotoxin infused  during the present  studies 
generally exceeded 10 times this dosage. 
Transfer Studies.--In those studies requiring plasma or blood transfer, strict aseptic and 
pyrogen-free precautions were  observed  during  the  collection,  processing,  and  reinfusion. 
Collection syringes were coated with heparin (Lederle Laboratories, Pearl River, New York) 
from freshly opened vials which were sterile and pyrogen-free. Plasma from each experimental 
group was pooled, and if not used immediately, was frozen at  --12°C;  the plasma samples 
were warmed to 39°C immediately before infusion into recipient animals. 
RESULTS 
Observations in Rabbits 
Effect  of Endotoxin  Infusion  Rate.--Fig.  1  depicts  the  pyrogenic  responses 
with varying rates of E. coli endotoxin infusion. When sufficient endotoxin was 
administered to induce fever, the response pattern  was similar over a  1000-fold SHELDON  E.  GREISMAN  AND  WILLIAM  E.  WOODWARD  913 
increase in the infusion rate. An initial progressive rise in temperature, after a 
latent period of 15 to 30 minutes, was followed by a progressive decline to base- 
line despite continuation of the endotoxin infusion. Increases in infusion rates 
increased the height and duration of fever, but progression to the unresponsive 
phase developed consistently. Inspection of Fig. 1 indicates that an infusion rate 
of 18  X  10  -a #g/minute of the E. coli endotoxin yielded a fever index in the 
sensitive portion of the dose-response relationship; this rate  of infusion was 
therefore employed as a  standard in all subsequent studies, unless otherwise 
specified. 
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FIG.  1.  Effect of increasing the rate of intravenous infusion of E. cdi endotoxin on the 
febrile response of normal rabbits. (F. I., fever index). 
Effect  of Reticuloendothelial System  (RES)  Blockade.--The  effect of  RES 
blockade during continuous intravenous  infusions  of  endotoxin is  shown  in 
Figs. 2 a to 2 c. Regardless of whether the RES-blocking agent, thorotrast, was 
administered 3.5 hours before (Fig. 2 a)  or immediately before (Fig. 2 b)  the 
start of the endotoxin infusion, or after the refractory state was fully developed 
(Fig. 2 c), no reversal of the pyrogenic unresponsiveness was achieved. More- 
over, as shown in Fig. 2 b, the unresponsive state persisted when the endotoxin 
infusion was resumed on day 2 despite the thorotrast 24 hours previously. The 
gradual elevations in temperature seen after thorotrast can be attributed to this 
material per se (6). 
Of especial interest, RES blockade before the endotoxin infusion was begun 
evoked minimal enhancement in the febrile response; the mean fever index was 
1580 when the endotoxin infusion was begun 3.5 hours after thorotrast (Fig. 
2 a) and 1660 when begun immediately after thorotrast (Fig. 2 b). These values 
are close to the control mean of 1491 (Fig. 1), and indeed would be virtually ;F 
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FZGS. 2 a to 2 c. Effects of RES blockade with thorotrast on the pyrogenic response pattern 
to E. co/i endotoxin infusion  in normal rabbits. Infusions  begun at time indicated by the vertical 
arrow under the X  on the abscissa. 
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comparable if allowance were made for the fever-evoking activity of the thoro- 
trast per se (6). To verify that such minimal effect of RES blockade was not 
attributable  to  deterioration  of  the  thorotrast  preparation  employed,  the 
studies were repeated with single injections of endotoxin. The dose of E. coli 
endotoxin used as a single injection, 0.75 pg, was comparable to that employed 
throughout the febrile phase of the infusion shown in Figs. 2 a and 2 b. Fig. 3 
demonstrates the dramatic fever-enhancing effect of RES blockade when the 
endotoxin was given as such a single intravenous bolus. The raiDimM effective- 
ness of RES blockade in enhancing fever during the continuous infusion of en- 
dotoxin also could not be attributed to the selection of an inappropriate rate 
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FIG. 3.  Effect of RES blockade with thorotrast on the pyrogenic response to a quantity of 
E. coli endotoxin comparable  to that used in Fig. 2 but given as a single intravenous bolus. 
of endotoxin infusion since, as already indicated, this was chosen to fall in the 
sensitive portion of the dose-response relationship. 
Time of Onset of the Unresponsive State.--In 2 groups of rabbits, the infusion 
of endotoxin was interrupted after 2 and 4 hours respectively. The temperature 
was permitted to return to baseline and the infusion then restarted at the initial 
rate. Restart of the infusion after the 2 hour break evoked a temperature eleva- 
tion virtually comparable to the initial rise. The response to the 4 hour break 
is shown in Fig. 4. Of the 6 animals, 4 were now almost fully unresponsive but 
2 developed significant fever. Therefore, with this standard rate of E. coli en- 
dotoxin infusion (18 X  10  "-a pg/minute), at least 4 hours appear necessary for 
full development of the pyrogenic unresponsive state. 
Passive Transfer of Pyrogenic Unresponsiveness.--Pyrogenic  tolerance can be 
readily transferred with 10 ml/kg of plasma or serum from donor rabbits given 
repeated daily intravenous injections of endotoxin  (6-8).  Plasma  from such 916  MECHANISMS  OF ENDOTOXIN  TOLERANCE.  III 
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Fzo. 4.  Effect of interruption  of E. coli endotoxin infusion at 4  hours and resumption  of 
infusion after defervescence in normal rabbits. 
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Fro.  5.  Ability of heparinized plasma  drawn  from donor rabbits 24 hours after  6  daily 
intravenous injections of 1 #g E. coli endotoxin to reduce febrile responsiveness to an intra- 
venous infusion of the homologous endotoxin. This pooled plasma possessed  a  high titer of 
antibody to E. coli endotoxin (1:512). 
donors was also capable of reducing pyrogenic responsiveness to continuous in- 
fusions of endotoxin, Fig. 5. Of interest, such plasma did not affect appreciably 
the time of development of the refractory state. In contrast, similar attempts to 
transfer pyrogenic unresponsiveness with plasma from donor rabbits refractory 
to an initial continuous intravenous infusion of E. coli endotoxin were repeatedly 
unsuccessful. Moreover, the refractory phase plasma failed to elicit febrile re- SHELDON  E.  GP.EISMAN  AND  WILLIAM  E.  WOODWARD  917 
sponses in normal recipients, indicating an absence (or  minimal concentration) 
of endogenous pyrogen (1). One exception occurred when plasma was taken from 
donor rabbits unresponsive to  "massive" infusions of E.  coli  endotoxin (100 
times the standard infusion rate). Here, heparinized plasma withdrawn 45 min- 
utes after discontinuing the infusion evoked an initial febrile response and sub- 
sequently did impair the febrile responses of recipient animals to a  standard 
endotoxin infusion, Fig. 6. The pyrogenic activity of this plasma could not be 
attributed to endogenous pyrogen since the donors would not have been afebrile; 
i.e., responsiveness persists to endogenous pyrogen during the pyrogenic refrac- 
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FIG. 6. Effect of heparinized plasma drawn from donor rabbits unresponsive  to "massive" 
infusions (18  X  10-2pg/minute) of E.  coli  endotoxin. Shown are the intrinsic pyrogenic 
activity of such plasma in normal rabbits, its effect  on a subsequent infusion  of E. coli endo- 
toxin, and the reduced pyrogenic activity of the plasma when tested in endotoxin tolerant 
rabbits. 
tory state (v/de infra).  In addition, when aliquots of this plasma were adminis- 
tered to rabbits tolerant to repeated single intravenous injections of endotoxin, 
its pyrogenicity was sharply reduced, Fig. 6; this would not occur with endoge- 
nous pyrogen (1). It thus appeared that this donor plasma contained sufficient 
endotoxin to evoke a pyrogenic response, although withdrawn from completely 
unresponsive rabbits. That this content of endotoxin could per se account en- 
tirely for the ability of the plasma to transfer impaired responsiveness to the E. 
coli endotoxin infusion was subsequently confirmed in groups of animals pre- 
treated with sufficient endotoxin to induce fever equal to that produced by the 
plasma. From these data, it may be concluded (a) that the pyrogenic refractory 
state is not mediated by elaboration of ally readily detectable plasma inhibitors 
of endotoxin, and (b) that the mechanism of pyrogenic refractoriness does not 
depend simply upon the removal of endotoxin from the circulation. ~F 
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Responsiveness to Febrile Phase Plasma.--One group of rabbits received the 
standard rate  of E.  coli endotoxin infusion (18  ×  10  -~ #g/minute); another 
group received  10 times this rate. When fully unresponsive, both groups re- 
ceived 10 ml/kg aliquots of pooled plasma drawn from donor rabbits at the peak 
of their febrile responses to comparable rates of endotoxin infusion. The en- 
dotoxin refractory animals responded to this injection of febrile phase plasma 
in a  manner characteristic of an endogenous pyrogen reaction; i.e.,  a  prompt, 
brief monophasic fever (1),  Fig. 7. To exclude the remote possibility that the 
endotoxin in the febrile phase plasma could account for this febrile response, 
the plasma  endotoxin content was  determined by bioassay. Advantage was 
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FzG. 7.  Effect of heparinized plasma drawn from donor rabbits during their peak febrile 
response to E. coli endotoxin infusion  when administered to recipient animals unresponsive 
to a comparable  E. ¢oli endotoxin  infusion. 
taken of the observation that febrile responses to endogenous pyrogen remain 
unaltered after RES blockade whereas that to endotoxin in plasma are signifi- 
cantly augmented (1, 9). When 10 ml/kg aliquots of the febrile phase plasma 
were administered to groups of normal rabbits pretreated with thorotrast, a 
biphasic 5-hour fever resulted; extrapolation to control dose-response data ob- 
tained from injecting normal plasma containing E. coli endotoxin into thorotrast 
pretreated rabbits indicated that each 10 ml of febrile phase rabbit plasma pos- 
sessed the equivalent of 0.005 #g E. coli endotoxin. The final step, injection of 
of 10 ml/kg of normal rabbit plasma containing 0.005 pg E. coli endotoxin into 
a  group of 5 rabbits rendered refractory to a  continuous infusion of endotoxin 
and tested under the same conditions shown in Fig. 7, failed to evoke any febrile 
response. Therefore, the response of refractory rabbits to febrile phase plasma 
cannot be attributed to its content of endotoxin, but rather to another pyrogen SHELDON  E. GREISMAN  AND  WILLIAM E. WOODWARD  919 
possessing the attributes of endogenous pyrogen. These findings suggest  that 
the unresponsiveness  to continuous intravenous infusions of endotoxin results 
not from development of refractoriness  of the thermoregulatory centers to en- 
dogenons pyrogen but rather from an inability of the host to continue to mobi- 
lize endogenous pyrogen. 
Effect  of Heterologous  Endotoxin In.fusion.--The  continuous intravenous in- 
fusion of Pseudomonas endotoxin induced a pyrogenic response pattern identical 
to that described for E. coli endotoxin; when administered at a  rate of 18 X 
10  --2 pg/minute, the resulting mean fever index in 1 group of rabbits was 656. 
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Fro. 8.  Inability of 10 ml/kg of heparinized normal rabbit plasma to reverse the unrespon- 
sive state during  continuous  intravenous  infusion  of E. coli endotoxin. 
After the temperature returned to baseline, a continuous infusion of E. co//en- 
dotoxin at the standard rate (18  X  10  -4 pg/minute)  was substituted for the 
Pseudomonas endotoxin.  The resulting  mean fever index was  1064, compared 
to the control mean of 1491. 
Effect of Normal Rabbit Plasma and Whole Blood.--Normal rabbit plasma was 
infused intravenously as a rapid bolus into 2 groups of rabbits receiving con- 
tinuous infusions of E. coli endotoxin during the pyrogenic unresponsive phase. 
One group (5 rabbits) received 10 ml/kg of normal plasma, the other group (6 
rabbits) received 50 rnl/kg. Ten of the 11 animals exhibited no elevation in tem- 
perature despite continuance of the endotoxin infusion for the subsequent  3 
hours,  Fig.  8. One animal given 50 ml/kg of plasma exhibited  an immediate 
and progressive increment of 3°F within 1 hour which returned gradually to 
baseline during the subsequent 2 hours.  Since the plasma administered to this 
animal came from the same pool given to the non-responsive animals, the sig- 
niIicance of this isolated  reaction is doubtful. Similarly, administration of 10 920  MECHANISMS  OF  ENDOTOXlN  TOLERANCE.  12I 
ml/kg of fresh normal whole rabbit blood failed to evoke any febrile reaction 
in a 3rd group of 5 refractory animals despite continuance of the endotoxin in- 
fusion. 
Antibody and Peripheral Leukocyte Levels  after  Endotoxin Infusion.--Serum 
from 4 unresponsive rabbits obtained immediately after discontinuing a stand- 
ard intravenous infusion of E. coli endotoxin, as well as 19 hours later, possessed 
no detectable elevations in antibody titer to E. coli endotoxin.  Since the pre- 
infusion antibody titers were less than  1:2 in each animal,  the possibility of 
depletion of natural antibody to endotoxin by the endotoxin infusion could not 
be evaluated. The studies were therefore repeated in immunized animals pos- 
TABLE I 
Total Peripheral Leucocyte Counts during the Pyrogenic Refractory State* 
Rabbit No. 
1 
2 
3 
4 
5 
6 
Volunteer No. 
12 
13 
Control  Pyrogenie refractory state 
12,450 
6,400 
12,850 
7,600 
11,100 
12,850 
24,850 
11,950 
16,350 
17,450 
16,250 
13,200 
14,500 
16,150 
* White blood counts (ram  3) were determined in rabbits during the pyrogenic refractory 
state to E. coli endotoxin (18 X  10  -4 #g/minute),  and in humans refractory to S. typhosa 
endotoxin. 
sessing high E. coli endotoxin antibody titers (mean 1:512); no decrease in this 
titer was detected in 6 animals during the pyrogenic refractory state induced 
with  the standard  infusion rate  (18  X  10  -4/~g/minute)  of E. coli endotoxin. 
Since the total quantity of endotoxin infused was less than 1 #g, this result is 
not surprising (10). Of interest, the mean fever index in the immunized animals 
was 206, compared to the control of 1491. 
Other studies, utilizing marginal ear vein blood, indicated that the pyrogenic 
refractory state in rabbits was consistently associated with  increases in total 
circulating leukocyte levels, Table I. 
Skin Reactivity to Endotoxin after Endotoxin Infusion.--4 rabbits wererendered 
refractory to an infusion of E. coli endotoxin at the standard rate. Immediately 
after discontinuing  the infusion, the anterior abdominal wall was shaved and 
100  Izg of the same endotoxin suspended  in  0.2  rnl  saline was injected intra- SHELDON  F..  GREISMAN  AND  W-ILLIAX~  E.  WOODWARD  921 
dermally. The resulting dermal inflammatory responses, and those in control 
animals, are summarized in Table II. It is apparent that skin reactivity was 
intensified during the subsequent 24 hours. 
Effect of Accelerating the Rate of Endotoxin Infusion.--When pyrogenic unre- 
sponsiveness was induced during infusion of E. coli endotoxin at a  rate just 
sufficient to evoke fever, a  10-fold increase in infusion rate evoked a secondary 
febrile response, Fig.  9, although slightly blunted when compared to control 
reactions (see Fig. 1). When the initial endotoxin infusion was reduced to levels 
which just failed to evoke fever, no blunting of responsiveness to a subsequent 
100-fold increase in infusion rate was detected, Fig. 9. 
TABLE  II 
Effect of Continuous Intravenous Infusion of E.  Coli Endotoxin  (18  X  10  ~  #g/Minute)  on 
Inflammatory Skin Responses to E. Coli Endotoxin in Rabbits 
Endotoxin-infused  ~t 
(Mean of 4 animals) 
Control 
(Mean of 4 animals) 
Site 1 
873 
249 
Area index* 
Site 2 
837 
312 
Intensity of erythema 
Site I  Site  2 
2+  2+ 
•  ..k_  -4- 
* Obtained by multiplying largest cross diameters (ram). 
All rabbits were unresponsive to the pyrogenic activity of the endotoxin at the comple- 
tion of infusion. Infusions were discontinued and skin tests were performed in duplicate by 
intradermal injection of 0.2 ml volumes containing 100/~g endotoxin into the shaven anterior 
abdominal wall. Readings here are recorded at 24 hours. 
Effect  of Age.--Young rabbits respond with less fever to single intravenous 
injections of endotoxin than do more mature animals (11). The effect of age on 
the response to continuous intravenous infusions of E. coli endotoxin is shown 
in Fig.  10. Although the older animals received the endotoxin infusion at the 
same absolute rate as the younger group, (and at a lower rate in terms of t~g/ 
kg/minute), their febrile response was appreciably greater; comparable unre- 
sponsiveness eventually developed in both groups. 
Observations in Man 
The general febrile response pattern of 5 healthy volunteers to an initial con- 
tinuons intravenous infusion of E. coli or S. typkosa endotoxin was identical 
with that observed in the rabbit, Figs. 11 a and 11 b. The phase of progressive 
decline in rectal temperature was accompanied by a progressive diminution in 
subjective toxic reactions; indeed, each subject expressed disbelief that the in- 922 
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FIG. 9. Effect of accelerating the rate of E. coli endotoxin infusion in normal rabbits. 
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FIG.  10.  Effect of rabbit age on the pyrogenic responses to E. coli endotoxin administered 
by continuous intravenous infusion. 
fusion was continuing exactly as during the earlier febrile phase. Similar to the 
rabbit,  unresponsiveness to endotoxin was not absolute; markedly increasing 
the infusion rate evoked additional, although blunted responses, Figs. 11 a and 
11 b. 
As in the rabbit, serum obtained from volunteers either immediately or  19 
hours after discontinuing the E. coli endotoxin infusions possessed no detectable 
increases in specific antibody titers.  Preliminary studies with these sera,  em- 
ploying a  more sensitive E.  coli  bactericidal  assay system, also indicated  no SHELDON  E.  GREISMAN  AND  WILLIAM  F,.  WOODWARD  923 
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significant decline in titer of natural antibody to endotoxinJ This parallels the 
reported inability of sublethal  doses of endotoxin to depress natural  antibody 
titers  in rabbits  (10).  The peripheral  leukocytosis seen in the rabbit was also 
observed during the pyrogenic refractory state in man, Table I. 
Despite the similarities,  two major differences between the response of man 
and  rabbit  to  continuous  intravenous  infusions  of endotoxin  were  detected. 
5  HOURS  !i  24  HOURS 
224  120 
(E COIl ENDOTOXIN) 
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I10  I00  25 
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INTRADERMAL  TEST  DOSE 
FIG. 12.  Per cent decrease in dermal inflammatory  responses to homologous endotoxin, 
and to tuberculin  in man when skin testing was repeated immediately after cessation of an 
initial intravenous infusion of endotoxin. Numbers above each shadow-bar indicate the area 
index of the control inflammatory response obtained by multiplying the largest cross diam- 
eters (mm). Representative  schedules of the endotoxln infusions are depicted in Fig. 11. 
First,  whereas  the rabbit maintained  the unresponsiveness  to endotoxin when 
the infusion was resumed on day 2, even in the presence of RES blockade (see 
Fig. 2 b), man hyperreacted when the infusion was resumed on day 2, Figs. 11 a 
and  11 b.  This parallels  the day 1 and day 2 patterns  of man's pyrogenic re- 
sponse to single intravenous injections of endotoxin (12). However, as reported 
previously (2), with additional daily intravenous infusions, the rate of endotoxin 
administration  required  to evoke fever must be  increased  progressively.  Also, 
4 These studies were kindly performed by Dr.  Robert Ollodart, University of Maryland, 
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in contrast to the intensified dermal responses to endotoxin exhibited by the 
rabbit  when skin injections were performed {mmediately after discontinuing 
the endotoxin infusion, dermal reactivity to endotoxin, both early and delayed, 
was reduced in man while tuberculin reactivity remained unimpaired, Fig. 12. 
DISCUSSION 
When bacterial endotoxins were infused intravenously  into healthy volunteers 
or normal rabbits at constant rates, rectal temperatures increased progressively 
during the initial several hours, then returned progressively to baseline. In man, 
the subjective toxic reactions increased and waned in parallel with the febrile 
response. To distinguish such unresponsiveness from pyrogenic tolerance which 
follows daily single intravenous injections of endotoxin, the term pyrogenic re- 
fractoriness will be employed. The nature of this pyrogenic refractoriness and 
its relationship to pyrogenic tolerance are summarized in Table III. 
Based on these findings, together with those of other investigators, the hy- 
pothesis that humoral antibody contributes to pyrogenic tolerance (6~ 11, 12) 
can be integrated with the concept of desensitization proposed by Stetson (18, 
19)  as follows: the pyrogenic activity of bacterial endotoxins is mediated, in 
part at least, by acquired hypersensitivity. When small quantities of endotoxin 
are infused intravenously at a constant rate, pyrogenic reactivity declines pro- 
gressively as a result of desensitization at the cellular level. Upon daily single 
intravenous injections of such small quantities of endotoxin, similar desensitiza- 
tion develops, and in addition, circulating antibody production is stimulated 
progressively. The latter assists the RES to clear and destroy the endotoxin be- 
fore it contacts other hypersensitive cells of the host. The data which support 
this hypothesis will now be considered. 
That the toxic activity of bacterial  endotoxin may be mediated,  in part at least, 
by hypersensitivity  reactions has been emphasized by Stetson (18-20) and by Schaed- 
let and Dubos (21), and supported by the studies of Watson and Kim (11). The strik- 
ing similarity of the pyrogenic responses to endotoxin and to antigen in the hyper- 
sensitive host has also been stressed (1, 12, 18). The present evidence that older rabbits 
manifest greater  febrile responses to continuous  intravenous  infusions of endotoxin 
than do less mature animals conforms with the findings of Watson and Kirn (ll) and 
strengthens the thesis of acquired hypersensitivity. 
As  a  corollary  to  the  hypersensitivity thesis,  induced  unresponsiveness  to  the 
pyrogenic  activity of endotoxin  administered  either by continuous  infusion or by 
repeated single injections could entail desensitization. The maintained titer of natural 
antibody to endotoxin during the pyrogenic refractory state, and the increased titers 
of antibody during pyrogenic tolerance, militate against the role of depletion of circu- 
lating antibody. The inability of an infusion of normal rabbit plasma or whole blood 
to reverse pyrogenic refractoriness,  as has already been reported  during pyrogenie 
tolerance (17), militates against the role of depletion of other circulating factors. The 
responsiveness of rabbits  to  febrile phase  plasma  during the pyrogenic  refractory 926  MECHANISMS  OF ENDOTOXIN  TOLERANCE.  Ill 
state, as has been reported during pyrogenic tolerance (1), precludes exhaustion of 
the thermoregulatory mechanisms. The leukocytosis during the pyrogenic refractory 
state, and the absence of severe leukopenia during pyrogenic tolerance (15), precludes 
destruction of a major cell population implicated in the production of endotoxin/ever 
TABLE III 
Rdationship  between Pyrogenie Refractoriness and  Pyrogenic  Tolerance 
Pyrogenlc refractory state  Pyrogenic tolerance 
RES blockade  Does not abolish 
Skin reactivity (gross inflamma- 
tion) 
(a) man 
(b) rabbit 
Decreased to endotoxin, Un- 
altered to tuberculin 
Increased to endotoxin 
Does not abolish (6) 
Increased to endotoxin  (12) 
Unaltered  or  increased  to 
endotoxin (13) 
Serum antibody titer to endo- 
toxin 
Passive transfer 
Full development 
Endotoxinemia 
Duration in man 
Increase in dosage of endotoxin 
Responsiveness to endogenous 
pyrogen 
Heterologous endotoxin 
Infusion of normal plasma or 
blood 
Peripheral leukocyte level 
No increase 
Negative 
4 to 6 hours 
May persist 
Hours 
Evokes fever 
Present 
Can induce 
No reversal 
Elevated 
Increased 
Positive (6--8) 
4 to 6 days (24) 
Reduced rapidly (12, 14) 
Weeks (16) 
Evokes fever (1) 
Present (1) 
Can induce (1) 
No reversal (17) 
Normal (15) 
(1). Two alternative mechanisms of desensitization to endotoxin to be considered are 
(a)  elaboration of  circulating antibody which  accelerates the  blood clearance and 
destruction of endotoxin by the RES,  and  (b)  desensitization at the cellular level. 
While mechanism (a) has previously been implicated during endotoxin tolerance (6, 
11, 12, 22), it would not account for the refractory state developing during an initial 
continuous  intravenous  infusion  of  endotoxin.  Thus,  unlike  pyrogenic  tolerance, SHELDON E.  GREISMAN AND WILLIAM E.  WOODWARD  927 
transfer of pyrogenic refractoriness with plasma could not be readily accomplished 
and increases in antibody to endotoxin were not detected;  moreover, the failure of 
thorotrast to alter the pyrogenic refractory state and the demonstration of pyrogenic 
quantities  of circulating  endotoxin  at  this  time,  militate  against  a  critical  role  of 
accelerated  blood  clearance  of endotoxin  by the  RES.  In contrast,  mechanism  (b) 
would readily account for the pyrogenic refractory state, which appears based upon 
an inability of the host to continue  to mobilize endogenous pyrogen despite main- 
tainence  of the initial stimulus. However, the  nature  and specificity  of the  events 
involved at the cellular level are uncertain. 
Atkins  demonstrated  that  the  injection  of a  large  quantity  of any  endogenous 
pyrogen-mobilizing agent induces a transient and non-specific pyrogenic tolerance by 
depleting the host of its "available" supplies (1). On the other hand, in hypersensitive 
animals, injection of antigen may modify a specifically reactive component of the host 
cell in such a manner that it no longer interacts with additional antigen to induce cell 
injury and therefore fails to release additional endogenous pyrogen (1). The present 
data  are compatible with  the  operation  of either mechanism  during  the pyrogenic 
refractory state and do not permit definition of their relative importance. Neverthe- 
less, the rapid development of pyrogenic refractoriness during infusion of even the 
smallest quantities of endotoxin capable of eliciting fever, in contrast to the sustained 
fever during continuous intravenous infusion of staphylococci (23), and the reduction 
in the dermal inflammatory response to endotoxin, but not to tuberculin, in man favor 
specific desensitization.  The  seemingly paradoxical  enhanced  dermal  inflammatory 
reactions to endotoxin in the rabbit following cessation of the endotoxin infusion can 
be attributed  to the rapid increases in those humoral factors described  by Lee and 
Stetson, presumably antibody, which accelerate and intensify such dermal responses 
(13). 
While  the  role  of non-specific  depletion  of  "available"  endogenous  pyrogen  by 
endotoxin  during  the pyrogenic refractory state has yet to be quantitated,  during 
pyrogenic tolerance the general pool of available endogenous pyrogen is not depleted; 
i.e., the response to unrelated pyrogenic stimuli remains intact (1). Here, the inability 
of  endotoxin  to  mobilize  endogenous  pyrogen  has  been  attributed  to  accelerated 
clearance  of the endotoxin  by the  RES  (1)  and  more recently  the  contribution  of 
circulating antibody to this process has been suggested (6,  11, 12). Nevertheless, it is 
now established that a generalized stimulation of RES-phagocytic activity is not re- 
quired  for pyrogenic  tolerance  (6,  12),  and  evidence  is  increasing  that  pyrogenic 
tolerance can develop to small quantities of endotoxin despite drastic impairment of 
all  detectable  specific  antibody  synthesis. ~ This  was  originally  suggested  by  the 
capacity of subjects with hypogammaglobulinemia to acquire pyrogenic tolerance to 
typhoid vaccine; impaired antibody production, however, was documented for the H 
antigen but not for the endotoxin component (25). Recently, Wolff and his associates 
observed that  rabbits pretreated  with 6-mercaptopurine  readily acquired  pyrogenic 
5 The complementary observation,  i.e.  that pyrogenic  tolerance wanes despite elevated 
circulating  antibody titers to endotoxin  (24), is not as crucial an argument against the im- 
portance of circulating  antibody since a decrease in those antibodies with protective activity 
might be masked by a high titer of non-protective antibody (20). 928  M]~CIIANISMS OF ENDOTOXIN  TOLERANCE. III 
tolerance despite drastic suppression  of circulating antibody to endotoxin (26). Simi- 
larly, studies in our laboratory in splenectomized rabbits and man revealed drastic 
impairment in ability to elaborate specific antibody to E.  coli  endotoxin but only 
partial  suppression  of  pyrogenic  tolerance  (27).  These  considerations,  together 
with the present observations that pyrogenic unresponsiveness  to small quantities of 
endotoxin can be induced without detectable increases in circulating antibody and is 
unaffected by RES blockade, direct attention to altered responsiveness  at the cellular 
level. 
The  important  studies  initiated  by Weissmann  and  Thomas  (28) indicate  that 
tolerance to endotoxin may be mediated by stabilization of those cellular  lysosomes 
susceptible to disruption by endotoxin (29, 30). This intriguing concept is supported 
by the resistance of endotoxin-pretreated animals to unrelated noxious stimuli which 
involve lysosome disruption  (31).  It is important to emphasize that pyrogenic tol- 
erance evoked by the small quantities of endotoxin used in the present and in most 
previous studies  of pyrogenic tolerance  (generally under  1 #g/kg),  in  contrast  to 
tolerance evoked by large doses of endotoxin,  is not associated with reduced respon- 
siveness to unrelated pyrogenic stimuli (1). Stabilization of lysosomes within selected, 
i.e. sensitized,  cell populations may in part explain this specificity  of pyrogenic tole- 
rance to endotoxins.  Furthermore, depletion of lysosome enzyme content during acute 
hypervitaminosis A blunts  the  expression  of the  delayed hypersensitivity reaction 
(32), and parallel studies in our laboratory indicate that oral pretreatment of rabbits 
with massive doses of vitamin A also evokes significant  pyrogenic tolerance to endo- 
toxin, e While certain preparations from disrupted  isolated leukocyte lysosomes fail 
to induce fever when injected intravenously into rabbits (33), the effect of intracellular 
disruption has yet to be determined. 
The concept that pyrogenic tolerance to small quantities of endotoxin is mediated 
by both circulating antibody and desensitization at the cellular  level would  explain 
why plasma from immunized rabbits induced impaired responsiveness  to continuous 
intravenous infusions  of E. coli endotoxin without interfering with the development 
of the refractory state. The donor plasma possessed a high titer of specific antibody 
which presumably reduced the initial febrile response by preparing the endotoxin for 
clearance and destruction by the RES (6, 11, 12); the subsequent unaltered refractory 
state is consistent with the ability of antibody-antigen complexes  to desensitize  as 
effectively as the free antigen (34). 
The reappearance of pyrogenic responsiveness  upon resuming the intravenous in- 
fusion of endotoxin on day 2 in man, the rapid waning of pyrogenic unresponsiveness 
after an initial single intravenous bolus of a small quantity (1.0/~g)  of endotoxin in 
rabbits  (35),  and the need for daily injections of endotoxin to maintain maximum 
pyrogenic tolerance (24) all suggest that desensitization  to endotoxin at the cellular 
level is transient. Stetson has previously emphasized the parallelism to maintainence 
of the desensitized  state to tuberculin  (18).  Of interest,  the impaired migration of 
rabbit huffy coat leukocytes which  develops within  5  minutes following  an initial 
single intravenous injection of endotoxin wanes progressively and is no longer demon- 
0  These studies were performed by J. Bernard duBuy, senior medical student, University 
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strable after 24 hours; this toxic activity of endotoxin, reminiscent of the in vitro effect 
of tuberod~n  on leukocytes from tuberculin sensitive donors (36), disappears after re- 
peated injections of endotoxin but returns several days after endotoxin cessation as if 
the leukocytes had briefly "adapted" to the toxin (37). Whether such "adaptation" 
represents desensitization  of leukocytes (or of other tissues which release substances 
that impair leukocyte migration)  appears an important area for further study. 
Once pyrogenic unresponsiveness is induced in man or rabbit, whether by continu- 
ous intravenous infusion or by daily single intravenous injections of endotoxin, fever 
can again be elicited by sharply increasing the dose. This has been considered to argue 
against desensitization  at the cellular level (11). If the analogy of endotoxin and cellu- 
lar hypersensitivity reactions is extended, however, this argument need not be critical. 
Specific alterations at the cellular level appear to be involved in desensitization  to 
tuberculin and other antigens (34, 38, 39); in these models, desensitization  is not an 
all or none phenomenon, but increases with increasing dosages of antigenic challenge 
(34, 40).  The enhanced dermal inflammatory responses to endotoxin after repeated 
daily intravenous administration has also been considered to militate against desensi- 
tization at the cellular level as a mechanism of pyrogenie tolerance in man (12). Such 
augmented  dermal  inflammatory  responses,  however,  may  be  related  simply  to 
increases in circulating antibody of the type described by Lee and Stetson (13). 
The present findings permit certain additional inferences pertaining to the 
mechanism of endotoxin pyrogenicity. Thorotrast administered either 3.5 hours 
or immediately before the start  of a  continuous intravenous infusion of en- 
dotoxin failed to enhance appreciably the febrile response, in contrast to its 
effect when the same quantities of endotoxin were administered as a single in- 
travenous injection. It may be recalled that RES blockade with any agent is 
rarely complete and is best demonstrated by rapid injection of a large test bolus 
of particles (41, 42). Consequently, administration of a given quantity of colloid 
as a slow continuous intravenous infusion would not be expected to impose the 
same stress on a blockaded RES as would sudden injection of the entire bolus. 
If augmentation of the blood levels of endotoxin indeed constitutes the inter- 
mediate mechanism by which RES blockade enhances pyrogenic responses (14), 
then the most dramatic effects of RES blockade would be anticipated during 
rapid intravenous injection of the entire bolus of endotoxin. The findings sup- 
port this thesis. The suggestion that thorotrast increases reactivity to endotoxin 
by labilizing lysosome membranes (29) appears unlil~ely as the major explana- 
tion for its ability to increase pyrogenic reactivity to a single intravenous bolus 
of endotoxin since, if true, the fever index during continuous intravenous in- 
fusions of endotoxin should also have been enhanced appreciably after thoro- 
trast. 
Finally, the observations that RES blockade with thorotrast neither prevents 
nor abolishes the pyrogenic refractory state during a  continuous intravenous 
infusion of endotoxin does not imply a unique form of unresponsiveness to en- 
dotoxin; rather the findings parallel the demonstration that RES blockade also 930  MECHANISMS  OF  EN'DOTO]~N TOLERANCE.  HI 
does not abolish pyrogenic tolerance to single intravenous injections of endo- 
dotoxin (6). 
SUMMARY 
Bacterial endotoxins were administered by continuous intravenous infusions 
at constant rates to normal man and rabbits. An initial progressive febrile re- 
action was followed by progressive defervescence to  baseline.  The resulting 
pyrogenic refractory state was characterized as follows: (a) reticuloendothelial 
blockade with thorotrast neither prevented nor reversed its course; (b) passive 
transfer was unsuccessful with refractory phase plasma; (c) infusions of normal 
plasma or fresh whole blood failed to restore responsiveness; (d) a minimum of 
4 hours of continuous endotoxin infusion was required for full development of 
unresponsiveness; (e) circulating antibody titers to endotoxin remained unal- 
tered; (f) peripheral leukocytosis appeared; (g) infusion of febrile phase plasma 
reevoked an immediate, monophasic fever; (h) endotoxinemia could be demon- 
strated by pyrogen bioassay; (i)  10-fold increases in endotoxin infusion rates 
reevoked fever; (j) impaired responsiveness extended to heterologons endotox- 
ins; (k)  dermal inflammatory responses to endotoxin were suppressed in man 
while  tuberculin  reactivity  remained  unimpaired;  dermal  inflammatory re- 
spouses to endotoxin were enhanced in rabbits; and (I) pyrogenic reactivity to 
endotoxin reappeared within 24 hours in man; refractoriness persisted in rabbits. 
It is concluded that the pyrogenic refractory state reflects an inability of the 
host to continue to mobilize endogenous pyrogen during sustained endotox- 
inemia. Such observations, together with previous studies, are consistent with 
two distinct immunologic mechanisms of resistance to endotoxin pyrogenicity: 
(a) desensitization at the cellular level; and (b) elaboration of circulating anti- 
bodies which assist reticuloendothelial clearance and destruction of endotoxin. 
Whereas both such mechanisms may contribute to pyrogenic tolerance, the 
characteristics of the pyrogenic refractory state suggest the participation only 
of the former. 
The authors express their deepest appreciation to the volunteers who contributed so faith- 
fully to these studies, to Dr. Richard B. Homick for his assistance  with the volunteer  studies, 
and to the ot~clah of the Maryland House of Correction for their generous cooperation and 
interest, without which these studies could not have been accomplished. 
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